Acrylic resin (AR) based electromagnetic interference (EMI) shielding composites have been prepared by incorporation of up to 30 wt% activated charcoal (AC) in AR matrix. These composites have been characterized by XRD, Raman spectroscopy, scanning electron microscopy, dielectric, and EMI shielding measurement techniques. XRD patterns and Raman studies confirm the incorporation of AC particles inside AR matrix and suggest possible interactions between phases. The SEM images show that incorporation of AC particles leads to systematic change in the morphology of composites especially the formation of porous structure. The dielectric measurements show that 30 wt% AC loading composite display higher relative permittivity value (∼79) compared to pristine AR (∼5). Further, the porous structure, electrical conductivity, and permittivity value contribute towards EMI shielding effectiveness value of −36 dB (attenuation of >99.9% of incident radiation) for these composites, thereby demonstrating their suitability for making efficient EMI shielding coatings.
Introduction
Electromagnetic (EM) interference (EMI) is an offshoot of explosive growth of electronics and telecommunication in the modern society [1] [2] [3] . The EMI among electronic instruments/appliances may lead to degradation of device performance and may even adversely affect human health [4, 5] . Due to possible hazards of EMI only, the use of EM wave receipting/emitting electronic gadgets is prohibited inside sensitive zones, for example, during flight or inside hospital's ICUs [1, 5, 6] . Therefore, systematic strategies and suitable counter measures are essential to prevent/suppress EMI so as to ensure uninterrupted performance of appliances [1] [2] [3] [4] [5] [6] [7] [8] [9] . The primary mechanism of shielding is based on reflection and the material used for shielding by reflection requires mobile charge carriers; that is, shield should have conducting property [9, 10] . Consequently, metals (in the form of filler, coatings, or laminates) are the most common shielding material which uses primarily reflection mechanism for shielding along with minor absorption component. However, metals suffer from problems like poor wear/scratch resistance, corrosion susceptibility, high density, difficult processing, and high cost [1, 6, 9] . The secondary shielding mechanism is absorption for which shield material should have electrical or magnetic dipoles [9] [10] [11] [12] along-with finite electrical conductivity. For such purpose materials with high dielectric constant like ZnO, SiO 2 , TiO 2 , BaTiO 3 , or high magnetic permeability, for example, carbonyl iron, Ni, Co, or Fe metals, -Fe 2 O 3 , Fe 3 O 4 , and so forth are used [1, 13] . However, these materials or their composites possess problems like low permittivity or permeability at gigahertz frequencies, weight penalties, narrow-band action, and processing difficulties [1, 3, 13, 14] . Other than reflection and absorption, another mechanism of shielding is multiple reflections, which refer to the reflections at various surfaces or interfaces in the shield [1] . This mechanism requires the presence of a large interfacial area and porous structure. An example of a shield with a large surface area is conducting composite material containing filler, foamed composites, and honeycomb structures [3] .
Interestingly, the properties of such composites are highly dependent on nature and concentration constituent phases. Carbon based materials (carbon black (CB), graphite, activated carbon (AC), fullerenes, carbon nanofibers (CNFs), cabon nanotubes (CNTs), and recently graphene) are attractive choice as a filler, due to good electrical/thermal conductivity, low density, excellent corrosion resistance, and reinforcing capability [1, 3, 7, 9, 10, 12, [15] [16] [17] [18] [19] [20] [21] . Particularly, AC with high electrical conductivity and large surface area is an economical alternative. Similarly, acrylics are extremely popular matrix materials due to low cost, solution/thermal processability, high filler reception capacity and ability of acrylic resins (AR) to form hard, abrasion resistant and mechanically strong/tough impermeable coatings [22] [23] [24] .
Herein we have synthesized porous and electrically conducting AC/AR composites by solvent assisted dispersion of 1-30 wt% AC particles within AR matrix. The synthesized composites have been characterized by techniques such as XRD, Raman spectroscopy, and scanning electron microscopy. The dielectric and EMI shielding measurements were also performed. These porous compositions, containing electrically conducting filler, are expected to display good EMI shielding performance.
Materials and Method
Acrylic resin (AR was procured from Pidilite Industries Limited, India), xylene (Rankem, India), and activated charcoal (AC, Merck) were used as received. Formation of AC/AR composites involves the preparation of separate dispersion and dissolution of AC and AR in xylene using magnetic stirrer (REMI 5MLH) followed by their mixing and continued stirring till the formation of viscous syrup. This syrup was poured into a Petri dish and allowed to dry at 50-60 ∘ C to obtain film/sheet of composite. In a typical synthesis, 14 g of AR was dissolved in 20 mL of xylene and a known amount of AC powder was added into it to obtain composites with different wt%, namely, 1, 3, 5, 10, 20, and 30 wt%.
Measurement and Characterization
XRD patterns were recorded using Bruker-D8 advanced diffractometer in the 2 range of 10-70 ∘ and using Cu K line as radiation source. The morphological information was recorded using scanning electron microscope (SEM, Leo 440, UK). MicroRaman spectrometer (Lab RAM HR 800, Horiba JY) having 632.8 nm laser source was used for recording Raman spectra of these samples in 3500-400 cm −1 region. The laser beam was focused on the sample using confocal microscope with LWD ×50 objective. Shielding effectiveness (SE) measurements were performed by placing the samples (∼0.7 m thick) between a 101 GHz frequency microwave source and a horn type antenna-detector system. ∘ and 43 ∘ [24] . The AC/AR composites give superimposed signatures of both phases (Figures 1(b) , (c), (d), and (e)) with systematic shifting of the peak positions and relative change in the peak intensity. Particularly, the shifting of 2 = 15.95 ∘ peak of AR towards lower angle indicates the interaction between the phases.
Results and Discussion

Structure Characterization.
Morphological Details.
The SEM image of blank AR film (Figure 2(a) ) displays smooth and featureless morphology. However, the incorporation of AC within the AC matrix leads to disturbance of AR's morphology and appearance of roughporous microstructure of AC particles.
As the AC content increases, its signature evolves such that the composite with 30 wt% loading of AC clearly shows the porous structures and channels (bright regions) made up of electrically conducting AC phase coated and infiltrated with nonconducting AR matrix. As these composites display porous structure and electrically conducting in nature, they are expected to display good EMI shielding efficiency, due to reflection, absorption, and multiple reflection phenomena [1-5, 9, 12, 13, 18, 25, 26] .
Raman Spectroscopy.
Raman spectra of carbon and its conjugated analogues give two strong bands at ∼1560 (Gband) and ∼1360 cm −1 (D-band) that are dominated by sp 2 (graphitic structure) and sp 3 (defect structures) hybridized carbons, respectively [27, 28] . Figure 3 shows that, for pure AC, G-band appears at 1582 cm −1 which shifts to 1598 cm on increasing activated carbon percentage in the composites. Similarly, a shift in the disorder band (D-band) from 1304 cm −1 (for AC) to 1320 cm −1 (for 30 wt% AC containing composite) was observed [27] . Such a shift in the G and D bands on increasing the activated carbon concentration in composites is attributed to the increase in electron-phonon interactions which blueshifts and sharpens the G peak and broadens D band.
Dielectric Constant or Permittivity Measurements.
The study of dielectric constant as a function of temperature or frequency is one of the most convenient and sensitive methods of investigating the polarization and charge localization effects. It is well known that the polarization of a material is controlled by the electronic, ionic, and dipolar polarization. Electronic polarization occurs during a very short interval of time (of the order of 10 −15 sec) and the process of ionic polarization occurs in the range of 10 −13 -10 −12 sec, while the dipole polarization requires relatively longer time [1, 5, 9] . In case of polar polymers, the dielectric constant begins to drop after a certain critical frequency. The dipole molecules cannot orient themselves in the lower temperature region. However, as the temperature increases, orientation of dipoles is facilitated and this increases the dielectric constant. So in this paper room temperature dielectric constant of AC/AR composites has been measured as a function of frequency, as shown in Figure 4 , to understand the effect of filler concentration on polarization behaviour. The results show that, at low frequencies, the electric dipoles have sufficient time to align with the field before the field changes its direction; consequently the dielectric constant is high [1, 29] . However, at higher frequencies, dipoles fail to follow the rapidly changing electric vector; consequently, the dielectric constant value decreases. Further, it can be seen ( Figure 4 ) that the increase in AC concentration leads to systematic increase in the relative dielectric constant or permittivity ( ), that is, from ∼5 for pure AC to ∼79 for 30% AC based composites. This can be attributed to the increase in the space charge buildup due to Maxwell-Wagner interfacial polarization [1, 9, 18, 29] occurring as a consequence of large difference in the electrical conductivity of AC (highly conducting) and AR (insulating matrix). It is important to highlight that good dielectric properties and electrical conductivity values are essential requirements for displaying good EMI shielding performance [1, 8, 9, 30, 31] .
EMI Shielding Performance.
The EMI shielding effectiveness (SE) of a material is the ability to attenuate EM radiation that can be expressed in terms of ratio of incoming (incident) and outgoing (transmitted) power [1-3, 6-9, 12, 15, 18, 29-31 ]. The EMI attenuation offered by a shield may depend on the three mechanisms: reflection of the wave from the front face of shield, absorption of the wave as it passes through the shield's thickness, and multiple reflections of the waves at various interfaces as shown in Figure 5 . Therefore, SE of EMI shielding materials is determined by three losses, namely, reflection loss (SE ), absorption loss (SE ), and multiple reflection losses (SE ), and can be expressed as [1-3, 9, 18, 27] SE (dB) = (SE + SE + SE ) = 10 log 10 ( ) = 20 log 10 ( ) = 20 log 10 ( ) ,
where ( or ) and ( or ) are the power (electric or magnetic field intensity) of incident and transmitted EM waves, respectively. As, the is always less than , therefore, SE is a negative quantity such that a shift towards more negative value means increase in magnitude of . It is important to note that the can be expressed as [1, 6, 32, 33] SE (dB) = −10log 10 (
where ( ) and ( ) represent real and imaginary parts of complex permittivity (permeability), respectively, that can be correlated with the total conductivity ( ) as
where ac and dc are frequency ( = /2 ) dependent (ac) and independent (dc) components of . The first and second terms in right-hand side of (2) represent attenuations due to reflection and absorption, respectively. Equations (2) and (3) reveal that, for moderately conducting and nonmagnetic materials ( ∼ 1 and ∼ 0), both electrical conductivity and permittivity are important for enhancement of total shielding effectiveness. In the present system, good dielectric and electric properties are expected to improve EMI shielding performance [1, 3, [34] [35] [36] .
The EMI shielding plot ( Figure 6 ) revealed that pure AR displays poor EMI shielding response with SE value of only −2.4 dB. However, incorporation of AC phase leads to increase in SE value which scales with AC concentration such that composite containing 30% AC displays SE value of −36 dB. It is important to point out that addition of AC leads to improvement in electrical conductivity as well as permittivity, which collectively contributes towards improved antiradiation performance. The above attenuation value is near the total shielding value of −30 dB for phase segregated composites based on 0.66 vol% [37] loading of reduced graphene oxide in thermoplastic matrix. However, the use of activated charcoal (cheap, porous, and electrically conducting filler), compared to other nanofillers (costly, difficult to process due to agglomeration and dispersion issues, and commercially unviable) to obtain comparable EMI shielding performance (at lesser thickness), highlights the technological importance of our work. It should also be noted that the regions where filler is present are electrically conducting (therefore reflecting), whereas the acrylic containing regions are electrically insulating (therefore nonreflecting). These, two regions form a kind of electromagnetically active pseudopore and also contribute towards multiple reflections. Nevertheless, the high attenuation value in our case (i.e., blocking of >99.9% of the incident electromagnetic radiation) demonstrates the technological potential of these composites for making EMI shields.
Conclusion
AC/AR composites containing up to 30 wt% AC have been successfully prepared via a facile and scalable solution blending approach. The XRD patterns show superimposed signatures of AC and AR with systematic variation in the peak position and relative intensity. This confirms the incorporation of AC particles inside AR matrix and interactions between phases that were also complemented by Raman spectroscopy results. The morphological investigations revealed that incorporated AC particles regulate the composite's morphology and promote the formation of porous structure. The dielectric measurements revealed that pure AR displays low relative permittivity value (∼5) that increases with incorporation of AC and becomes ∼79 for 30 wt% AC containing composite, which also displays EMI shielding effectiveness value of −36 dB. This shielding value corresponds to blockage of >99.9% of the incident electromagnetic radiation and suggests that AC/AR composites are promising material for making efficient EMI shields.
